INTRODUCTION {#sec1-1}
============

Penile cancer is rare in the Western world. In some African, Asian and South American countries its incidence rate can be up to 10% of malignant disease in men. In Paraguay and Uganda incidence rates are 4.2 and 4.4, respectively, per 100,000 men.\[[@ref1][@ref2]\] These numbers are in contrast to Western Europe and the United States where age-standardized incidence rates range from 0.3 to 1.0 per 100,000 men. In these countries, penile cancer accounts for 0.4--0.6% of all malignancies.\[[@ref3][@ref4]\] More than 95% of penile tumors are squamous cell carcinomas (SCC).\[[@ref5]\] SCC can be preceded by penile intraepithelial lesions (PIN).\[[@ref6]\] The term PIN covers different clinical presentations of dysplastic lesions. The morphology of PIN lesions can vary greatly: From pigmented to leukoplastic papules, erythroplasic macules and keratinized condylomas. Histopathological features of PIN consist of disorganized basal and parabasal layers combined with cellular atypia, exhibiting atypical mitosis.\[[@ref7]\] The goal of treatment of PIN is to eradicate the disease while limiting penile mutilation.\[[@ref8]\] PIN can be treated with topical therapy like podophyllotoxin, imiquimod, and/or with surgical methods as laser ablation and excision. No randomized clinical trials are known, comparing various treatment modalities. The choice of treatment is generally based on preferences and skills of the urologist.\[[@ref9]\] In our urology department, lesions with suspicion of PIN are first biopsied. Histologically proven PIN lesions are usually managed with CO~2~ laser therapy.

Optical coherence tomography (OCT) is a new imaging technique equivalent to ultrasound.\[[@ref10]\] Though, it uses back-scattered light to produce cross-sectional images instead of back-reflected sound waves. The high resolution images have a maximal depth of 2.0 mm due to loss of signal by scattering and absorption of light within the tissue. Nevertheless, OCT allows a qualitative assessment of tissue pathology by assessing the presence of clearly delineated tissue layers \[[@ref11]\] or visibility of the lower boundary of the lesion. Quantitative measures can also be derived, such as epidermal layer thickness and the OCT signal decay. The decay of OCT signal in depth is directly related to the optical properties of the tissue \[[@ref12]\] and is parameterized by the attenuation coefficient (μ~oct~).\[[@ref13]\] Recent studies show that quantitative measurement of μ~oct~ using OCT is sensitive for changes of optical properties in tissue due to changes in tissue (cellular) morphology.\[[@ref13][@ref14]\] A noninvasive tool like OCT, which can directly show the epithelial tissue layers and their organization in great detail, may help the urologist in differentiating between benign lesions and (pre) malignant lesions. Based on this, OCT may help in accurately selecting biopsy sites and limit the amount of biopsies taken, or even assist in choice of treatment, serve as a tool to follow-up the effects of noninvasive treatments, or be of added value in defining margins of resection during surgery.

We hypothesize that (a) the thickness of the epidermal layer of benign penile lesions as measured with OCT will differ from the thickness of (pre) malignant penile lesions and (b) that the μ~oct~ measurement in the epidermal layer of benign penile lesions will differ from the μ~oct~ of (pre) malignant penile lesions. OCT analysis will thus enable the urologist to investigate suspicious lesions of the penis *in vivo* and may be of added value in clinical decision making at the outpatient clinic during diagnosis as well as during follow up or may be used at the operation theatre to determine lesions margins.

METHODS {#sec1-2}
=======

Data collection {#sec2-1}
---------------

From August 2010 to October 2012 we performed a prospective pilot study including 18 consecutive patients in the outpatient clinic of our institute (a tertiary cancer center), who underwent a biopsy because of a clinical suspicious lesion of the penis. These lesions were analyzed with OCT imaging followed by a punch biopsy for standard histopathological examination. Approval for the study was obtained from the Medical Ethical Committee of our institute, and the study was conducted according to the declaration of Helsinki principles.

Optical coherence tomography analysis {#sec2-2}
-------------------------------------

Before punch biopsies were taken, five two-dimensional OCT images and one three-dimensional OCT image of each lesion were made by two investigators (DMdB and RW). All OCT images were acquired during one imaging session from the same location. Images were made with a commercially available 50 kHz swept source OCT system (Santec Inner Vision 2000; 10 μm axial resolution, 40 μm lateral resolution, with light with a wavelength around 1300 nm). All images were stored to be analyzed by one investigator (RW) at a later date. Qualitative analysis was performed by determining the visibility of clear tissue layers and a visible lower border of the lesion in each OCT image. Quantitative analysis in each OCT image, that is, to determine epidermal layer thickness and the decrease of light intensity per millimeter (attenuation coefficient, μ~oct~ mm^−1^) across the epidermal layer, was performed after careful calibration of the OCT system as described before.\[[@ref11][@ref13][@ref14]\] When performing the analysis, the investigator was blinded for the pathology report.

Statistical analysis and grouping {#sec2-3}
---------------------------------

The standard histopathology report was considered the gold standard for comparison and was categorized as benign, premalignant or malignant. From the OCT data of the suspicious lesions, five values of epidermal layer thickness were available in 15 patients. In three patients less than five values (two, three and four, respectively) were available because in these patients, very thin epidermal layers did not always allow accurate measurement of thickness in certain images. Similarly, five values of epidermal μ~oct~ were available in 16 patients. In one patient only three and in another patient only four values were available, due to thin layer thickness and therefore too little pixels to obtain reliable μ~oct~. The mean epidermal layer thickness and mean epidermal μ~oct~ for each imaged suspicious lesion were subsequently calculated by averaging the values obtained from the available images; these averages were grouped according to the histopathology report. Next to benign lesions, all premalignant lesions and malignant lesions were grouped to form the "(pre) malignant" group. All data were collected and analyzed in R version 2.12 (The R Foundation for Statistical Computing, Vienna, Austria). The difference in the presence of the qualitatively observed features in the images of benign and (pre) malignant tissue was tested using Fisher\'s exact test. The difference in mean epithelial layer thickness and mean attenuation coefficient μ~oct~ between benign and (pre) malignant tissue was tested using a mixed effects regression analysis. To analyze any possible redundancy in the measured quantitative parameters, Pearson\'s correlation was used to test for correlation between layer thickness and attenuation coefficient. Differences were considered statistically significant if the two-sided *P* \< 0.05.

RESULTS {#sec1-3}
=======

In total, 18 lesions out of 18 patients were available for analysis. The average age of the patients was 61 years (range: 42--76). Fourteen patients had a history of penile carcinoma and were treated by local excision in the past. [Table 1](#T1){ref-type="table"} shows the patient characteristics. All lesions had a red appearance; in seven lesions hyperkeratosis was seen. In total, histopathology showed five benign lesions (two reactive tissue, three inflammation) and thirteen (pre) malignant lesions (two dysplasia/PIN, eight carcinoma *in situ* (cis) and three penile SCC). Typical examples of inflammation, a cis and a penile SCC are shown in Figures [1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"}.

###### 

Patient characteristics (*n*=18)

![](UA-7-459-g001)

![Three-dimensional optical coherence tomography (OCT) image (a) and two-dimensional OCT image (b) of a benign lesion (inflammation) of the glans penis with detailed image of the lesion (c) and corresponding histology (H and E) (d). In C, an arrow shows the lower border of the lesion (\*) The horny layer of the skin, (\#) shows the epidermal layer and (▪) shows a blood vessel](UA-7-459-g002){#F1}

![Three-dimensional optical coherence tomography (OCT) image (a) and 2-dimensional OCT image (b) of carcinoma *in situ* of the glans penis with detailed image of the lesion (c) and corresponding histology (H and E) (d) (\*) The horny layer of the skin, (^\#^) The (thickened) epidermal layer and (▪) shows a blood vessel](UA-7-459-g003){#F2}

![Three-dimensional optical coherence tomography (OCT) image (a) and two-dimensional OCT image (b) of penile squamous cell carcinoma of the glans penis with detailed image of the lesion (c) and corresponding histology (H and E) (d). The lower border of the lesion is not visible (c and d) (\*) The horny layer of the skin, (^\#^) The (thickened and disorganized) epidermal layer](UA-7-459-g004){#F3}

In four out of 5 (80%) benign lesions clear layers and a visible lower border of the lesions were seen \[[Figure 1](#F1){ref-type="fig"}\]. In one benign lesion (20%) none of the above features were clearly visible. In ten of the thirteen (pre) malignant lesions (77%) no clear layers and no lower border of the lesions were seen \[[Figure 3](#F3){ref-type="fig"}\], though in three (23%) (pre) malignant lesions these features were visible. There was a statistically significant difference in appearance of these features in benign lesions and (pre) malignant lesions (*P* = 0.047) \[[Table 2](#T2){ref-type="table"}\].

###### 

Qualitative assessment of the lesions

![](UA-7-459-g005)

In quantitative assessment, the mean epidermal layer thickness of the benign lesions was 0.18 mm (SE 0.07 mm). In (pre) malignant lesions the mean epidermal layer thickness was 0.53 mm (SE 0.04 mm) (*P* = 0.001), [Figure 4](#F4){ref-type="fig"}. No receiver-operating characteristic (ROC)-curve is shown, as the epidermal layer thickness is completely different between benign and (pre) malignant lesions.

![Boxplots of the average epidermal thickness values (mm) per lesion. Mean epidermal layer thickness of benign lesions was 0.18 mm (SE 0.07 mm), of (pre)malignant lesions epidermal layer thickness was 0.53 mm (SE 0.04 mm), (*P* = 0.001)](UA-7-459-g006){#F4}

The mean attenuation coefficient of the benign and (pre) malignant lesions was 2.5 mm^−1^ (SE 0.5 mm^−1^) and 5.2 mm^−1^ (SE 0.3 mm) respectively (*P* \< 0.001), \[[Figure 5](#F5){ref-type="fig"}\]. The ROC-curve for the average μ~oct~ values per lesion is shown in [Figure 5](#F5){ref-type="fig"} as well. The area under the curve = 0.96 (0.88--1.00). When using the Youden index, the threshold is 3.1 mm^−1^ with a sensitivity of 1.00 and a specificity of 0.80.

![Boxplots of epidermal μoct values (mm^−1^) of the average epidermal μoct values (mm^−1^)/lesion. Mean μoct of benign lesions was 2.5 mm^−1^ (SE 0.5 mm^−1^); mean μoct of (pre)malignant lesions was 5.2 mm^−1^ (SE 0.3 mm), (*P* \< 0.001). Receiver-operating characteristic curve for the average μoct values per lesion. The area under the curve is 0.96 (0.88--1.00). The Youden index has a threshold of 3.1 mm^−1^ with a sensitivity of 1.00 and a specificity of 0.80](UA-7-459-g007){#F5}

Within the benign and (pre) malignant groups, we assessed the correlation between layer thickness and attenuation coefficient. A Pearson\'s correlation of R = 0.29 (confidence interval \[CI\] 0.80--0.93, *P* = 0.64) was found for the benign lesions and R = 0.28 (CI: 0.32--0.72, *P* = 0.36) for the (pre) malignant lesions \[[Figure 6](#F6){ref-type="fig"}\], indicating that epidermal layer thickness and attenuation coefficient are not correlated.

![Scatter plot of the (average per lesion) attenuation coefficient against the layer thickness for the benign lesions (a) and the (pre)malignant lesions (b). No significant correlation between layer thickness and attenuation coefficient is observed in benign (*P* = 0.64) and (pre)malignant (*P* = 0.36) lesions](UA-7-459-g008){#F6}

DISCUSSION {#sec1-4}
==========

Since its development, most research in the field of OCT imaging has been performed in ophthalmology, due to the transparent nature of the corpus vitreum. Today, clinical commercially available OCT systems are being widely used in the ophthalmology clinic.\[[@ref15]\] In other fields of medicine, such as dermatology, OCT has been studied thoroughly as well.\[[@ref16]\] In urology, OCT has proved to differentiate between normal renal tissue and renal tumours.\[[@ref17][@ref18]\] In addition, it has been shown that OCT can be used to visualize upper urinary tract tumours *in vivo*.\[[@ref11]\] In penile suspicious lesions, a noninvasive tool like OCT may be of assistance in accurately selecting biopsy sites and limit the amount of biopsies taken, or even help in choice of treatment, serve as a tool to follow-up the effects of noninvasive treatments, or be of added value in defining margins of resection during surgery.

To the best of our knowledge, this is the first prospective study that images suspicious penile lesions *in vivo* using OCT and quantifies image features related to morphological changes occurring during carcinogenesis (e.g. epidermal layer thickness and attenuation coefficient). Due to the low incidence of PIN and penile SCC,\[[@ref3]\] patients available for research are limited and studies about (pre) malignant penile lesions are rare. There is one published case report, wherein the authors performed OCT imaging of an Erythroplasia of Queyrat of the penis (cis). They studied the images qualitatively and did not estimate epidermal layer thickness or attenuation coefficients, nor did they take a biopsy to histopathologically confirm the diagnosis. Nevertheless, they did show the potential of OCT as a noninvasive tool to study lesions of the penis and investigate the effectiveness of noninvasive treatment.\[[@ref19]\] Our sample size was too small to differentiate between premalignant and malignant lesions. Given the similarity in clinical management of premalignant and malignant lesions, we created two groups (benign and (pre) malignant) for analysis in this work.

In the qualitative and quantitative analysis of the OCT images, there were statistically significant differences between benign and (pre) malignant lesions, with regard to epidermal layer thicknesses and attenuation coefficients. In this study epidermal layer thickness and attenuation coefficients were not correlated. Therefore, quantification of layer thickness and attenuation coefficient could potentially serve as complementary parameters for discrimination between benign and (pre) malignant tissue. However, these results should be interpreted with some considerations. First of all, the study group was biased towards the (pre) malignant lesions, as there were 13 (pre) malignant lesions and only 5 benign lesions. Furthermore, 14 out of 18 patients had a history of penile cancer. Previous treatment might have influenced the epidermal layer thickness and attenuation coefficient. A larger study population is needed to further investigate these preliminary results.

Little data are available when it comes to penile carcinoma, as it is rare in the developed world. Vulvar carcinoma has many parallels to penile carcinoma and is a much better studied disease.\[[@ref20]\] Benedet *et al*.\[[@ref21]\] performed epidermal thickness measurements in patients with vulvar intraepithelial neoplasia. The involved vulvar epithelium varied from 0.10 mm to 1.4 mm in thickness, with a mean of 0.46. Noninvolved epithelium varied in thickness from 0.10 mm to 0.70 mm, with a mean of 0.28. Vulvar carcinoma in women has many similarities to penile carcinoma in men. Therefore, it might be that the penile tissue thickens when (pre) malignant penile lesions develop, similar to vulvar intraepithelial neoplasia.

Not only the epidermal layer thickens increases, the morphology of the tissue changes as well. Light scattering measurements are sensitive to variations in tissue morphology (density) at sub-wavelength scale.\[[@ref22]\] Our OCT measurements are sensitive to variations on length scales of around λ/2 ≈ 650 nm, e.g., on the scale of organelles and cells.\[[@ref23]\] Which processes and changes during carcinogenesis are responsible for the measured differences as shown in this study remains to be resolved. For example, cancers have a high amount of dividing cells \[[@ref24]\] during which cells increase their DNA. The refractive index of the nucleus, governing light scattering properties, increases during the cell cycle when cells increase their DNA \[[@ref25]\] leading to changes in scattering properties. In dysplastic cells, like the cells in (pre) malignant epithelial lesions such as PIN or SCC, DNA replication takes place as well,\[[@ref26]\] therefore changes in scattering properties may be anticipated. Our findings confirm these differences between benign and (pre) malignant lesions of the penis.

In our study, quantification of layer thickness and attenuation coefficient was sometimes hampered by the very small size of the epidermal layer. For layer thickness measurements, OCT systems with smaller axial resolution may, therefore, prove beneficial. Smaller axial resolution can be achieved using lower wavelengths, or light sources with larger optical bandwidths. In the case of a thin epidermal layer, determination of attenuation coefficient may remain challenging with our current approach. Nevertheless, recent advances show promise for obtaining attenuation coefficients of these thin layers \[[@ref27]\] as well.

Until now, patients with a suspicious lesion of the penis undergo a biopsy for histological diagnosis. Unlike histopathology, OCT imaging can be performed noninvasively, *in vivo* and in real time. It takes only 2 s to generate a three-dimensional image and even \<1 s to create a two-dimensional image. Like in histopathology, our present OCT analysis relies on postimaging processing of the data by the investigator. In the near future, automated region selection and μ~oct~--determination might be possible. Until then, postimaging processing of the data are a process that has to be performed by the investigator.

CONCLUSION {#sec1-5}
==========

Our results show that, qualitative and quantitative analysis of the OCT images is a potential promising tool to identify benign tissue from (pre) malignant tissue in suspicious penile lesions. In this way, OCT may accurately select biopsy sites and therefore limit the amount of biopsies taken. In the future, OCT may even help in defining lesions margins during surgery as well as during follow up of patients with a noninvasive treated penile lesion. A larger study population is needed to further research these preliminary results and the potential clinical applications.
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